The monoterpene glycoside, 3 -O-galloylpaeoniflorin (1), and four known compounds, 6 -O-galloylalbiflorin (2), pentagalloylglucose (3), 6 -O-benzoylpaeoniflorin (4) and 6 -O-galloylpaeoniflorin (5), were isolated from the roots of Paeonia lactiflora that had been grown and processed in Nara prefecture, Japan, as androgen modulators. Their structures were elucidated based on spectroscopic analysis. Compounds 2 and 3 showed strong androgen receptor (AR) binding activity (IC 50 values 33.7 and 4.1 m mg/ml, respectively), 1, 4 and 5 showed weak activity (20, 31 and 12% at 120 m mg/ml, respectively). However, paeoniflorin (6) and albiflorin (7), the structures of which are related to 1, 2, 4 and 5, showed no activity. These results suggested that both the structure of albiflorin and the galloyl moiety are important for 2 to show strong AR binding activity. Furthermore, compounds 1-5 inhibited growth of an androgen-dependent LNCaP-FGC (prostate cancer cell line), and were indicated to be AR antagonists. Compounds 2 and 3 might be candidates as safe, natural anti-androgens.
In Japan, crude drugs (shoyaku in Japanese) that are grown and processed in Nara prefecture are named yamato-shoyaku, and are of the highest class so command a high price. However, it is not known whether they are more potent than shoyaku from other areas. The roots of Paeonia lactiflora (Paeoniae radix, shakuyaku in Japanese) are one of the most important Japanese and Chinese crude drugs, being used in many traditional "Kampo" formulas. In particular, they are often used in "Kampo" formulas, such as Tokishakuyakusan, Shimotsuto and Keishibukuryogan, for women's hormone-related problems such as menopausal symptoms and menstrual problems. 1, 2) However, the hormone modulators from Paeoniae radix have not been satisfactorily examined. Here, we have focused on hormone regulating activity and investigated the bioactive compounds from yamato-shakuyaku, which is a yamato-shoyaku. The MeOH-eluted fraction using DIAION HP-20 column chromatography of a hot-water extract of yamato-shakuyaku, was found to have androgen receptor (AR) binding activity.
Androgens (testosterone and its metabolite 5-a-dihydrotestosterone), steroidal hormones, play an important role in the function and development of not only male reproductive organs such as prostate and testis, but also non-reproductive organs including muscle, hair follicles and brain. Androgens are also known to act as tumor promoters, especially for prostate cancer.
3) Their biological functions are mediated by the androgen receptor, which is a member of the nuclear receptor superfamily of ligand-regulated transcription factors. Therefore, AR antagonists, which counteract the biological responses induced by androgens, are expected to be useful in the treatment of androgen-dependent tumors. 4) Flutamide, a nonsteroidal AR antagonist, is recognized worldwide as the most benefical compound for the treatment of prostate cancer when used in combination with various luteinizing hormonereleasing factor agonists. However, because this compound occasionally induces serious hepatotoxicity, 5, 6) there is a need for new, safe, natural AR antagonists.
In attempts to isolate AR modulators from yamatoshakuyaku, this resulted in isolation of a new monoterpene glycoside, 3Ј-O-galloylpaeoniflorin (1), and four known compounds, 6Ј-O-galloylalbiflorin (2), pentagalloylglucose (3), 6Ј-O-benzoylpaeoniflorin (4) and 6Ј-O-galloylpaeoniflorin (5). Isolation, structure determination of 1-5, and AR binding activity and prostate cancer cell growth inhibitory activity of 1-5, paeoniflorin (6) and albiflorin (7) are reported herein.
Results and Discussion
Yamato-shakuyaku, Paeoniae radix (200 g), grown and processed in Nara prefecture, Japan, were ground and extracted with hot-water. The concentrated extract was subjected to DIAION HP-20, reversed-phase octadecyl silica (ODS), with final purification achieved by reversed-phase preparative HPLC (Inertsil ODS-3) and reversed-phase preparative HPLC (Cosmosil 5C 18 -MSII) to give compounds 1 (0.6 mg), 2 (4.1 mg), 3 (12.7 mg), 4 (35.1 mg) and 5 (26.6 mg). Compounds 1-5 showed AR binding activity.
The molecular formula of compound 1 was found to be C 30 3) data, as well as the determination of molecular formula, suggested the presence of one galloyl moiety in 1. In addition, the low-field shifted signal at d H 5.11 was assigned to H-3Ј of a glucose unit in 1. Finally, the connection of the galloyl moiety and C-3Ј via an oxygen atom was revealed by the key HMBC correlation of H-3Ј/C-7ٞ. Thus, the structure of 1 was determined as shown in Fig.  2 , and named 3Ј-O-galloylpaeoniflorin (1 C-NMR spectroscopic data of C-1-C-1Ј and C-5Ј-C-7Љ in compound 1 were in good agreement with those of paeoniflorin. 7) Compounds 2-5 were identified as 6Ј-O-galloylalbiflorin, 8) pentagalloylglucose, 9) 6Ј-O-benzoylpaeoniflorin 7) and 6Ј-O-galloylpaeoniflorin, 10) respectively, by detailed comparison of their spectroscopic data with that in the literature.
The AR binding activity of compounds 1-5, paeoniflorin (6), albiflorin (7) and testosterone (positive control) was as- sessed as described in Experimental (shown in Fig. 3 and Table 2 ). Compounds 2 and 3 displayed strong AR binding activity (IC 50 values 33.7 and 4.1 mg/ml, respectively), whereas AR binding activities of 1, 4 and 5 were weak (20, 31, 12%, respectively) at 120 mg/ml. The AR binding activity observed was in a dose-dependent manner. Interestingly, compounds 6 and 7, the structures of which are related to 1, 2, 4 and 5, showed no AR binding activity at 120 mg/ml. To evaluate whether compounds 1-7 were either AR agonists or antagonists, their ability to inhibit growth of LNCaP-FGC (prostate cancer cell line) was assessed (using mitomycin as positive control) as described in Experimental (shown in Fig. 4 and Table 3 ), because the growth of LNCaP-FGC was an androgen-dependent.
11) Compounds 1-5 inhibited cell growth (1: 43% at 120 mg/ml, IC 50 values 2: 58.0 mg/ml, 3: 22.0 mg/ml, 4: 84.0 mg/ml, 5: 141.0 mg/ml, respectively). Compounds 6 and 7, by contrast, showed weak inhibitory activity (37, 40%, respectively) at 200 mg/ml. The inhibitory activity of compounds 1-7 was in a dose-dependent manner. On the basis of these results, compounds 1-5 were indicated to be AR antagonists.
We have thus isolated the first hormone modulators from the roots of P. lactiflora. This is the first report of paeoniflorin and albiflorin derivatives such as 1, 2, 4 and 5 showing AR binding activity. Interestingly, compounds 6 and 7 showed no AR binding activity. The AR binding activity of 6Ј-O-galloylalbiflorin (2) was much stronger than that of the galloylpaeoniflorin derivatives (1, 5). These results suggested that both the structure of albiflorin and the galloyl moiety were important for 2 to show strong AR binding activity. Additionally, 6Ј-O-galloylpaeoniflorin (5) displayed the weakest AR binding activity of the paeoniflorin derivatives (1, 4, 5) . The only structural differences between 2 and 5 are at C-4 and C-9, so the galloyl moiety of 2 might interact with the carbonyl group of C-9 and/or the hydroxyl group of C-4.
It has been reported that 3 can inhibit growth of prostate cancer LNCaP cells by two aspects including inhibition of 5-a-reductase activity and expression of AR protein levels; however, the AR binding activity of 3 has not been reported. 12) We propose that 3 inhibits prostate cancer cell growth partly by acting as an AR antagonist.
The AR binding activity of compound 3 was equivalent to flutamide (IC 50 5.0 mM), 13) which is in clinical use, and the activity of compound 2 was also relatively strong. Additonally, because Paeoniae radix was taken in long time as a crude drug, compounds 2 and 3 might be candidates as safe, natural AR antagonists.
HPLC analysis of Paeoniae radix grown and processed in other areas established that these compounds were not specific to yamato-shakuyaku, although plants grown in different areas contained different quantitative ratios of these compounds (data not shown). Consequently, these compounds might be useful as new quality markers of Paeoniae radix based on AR regulating activity.
Conclusion
In summary, a new monoterpene glycoside, 3Ј-O-galloylpaeoniflorin (1), and four known compounds (2-5), were isolated from yamato-shakuyaku as AR modulators. Interestingly, while these compounds showed AR binding activity, paeoniflorin and albiflorin, whose structures are related to these compounds, did not. These results suggested that both the structure of albiflorin and the galloyl moiety were important for 6Ј-O-galloylalbiflorin (2) to show strong AR binding activity. Further studies on their action mechanism and structure-activity relationships of these AR modulators are in progress.
Experimental
General Optical rotations were measured using a DIP-1000 digital polarimeter (Jasco), whereas UV spectra were acquired with a V-630 spec- 
